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Abstract

In this study, SiO2 thin films were sputtered from a Si target using reactive HiPIMS (high-
power impulse magnetron sputtering) in an argon–oxygen process gas. In order to un-
derstand the behavior of HiPIMS, the deposition process was studied by systematically
varying the sputtering parameters and monitoring the current waveforms. A decaying
transient was observed at the leading edge of the pulse, caused by the L-C term of the
HiPIMS generator, the cable, and the target. To investigate the periodic transient, we
used, to the best of our knowledge, for the first time, a standing wave ratio meter (SWR).
In order to be able to deposit films with the desired properties, the target voltage and
its associated current characteristics were also investigated. The formation of a distinct
step-like shape in the current–voltage characteristics is observed during reactive sputtering.
A simple physical model was used to determine the position and length of the plateau. The
appearance of hysteresis, which is typical of reactive sputtering, was also observed. These
findings may help us to better understand the mechanism of reactive HiPIMS deposition
of SiO2.

Keywords: reactive HiPIMS; SiO2; hysteresis

1. Introduction
Silicon dioxide layers have a wide range of applications in electronics and optoelec-

tronics, such as anti-reflection coatings [1], protective coatings [2], low-refractive index
layers in optical devices [3], surface passivation layers [4], gate dielectrics for thin-film
transistors [5], and wafer bonding and masking layers used in micro-electromechanical
systems (MEMSs) [6]. SiO2 films can also be used in biomedical applications [7] and as
superhydrophobic, wear-resistant layers [8].

Of the many available thin-film deposition techniques, reactive sputtering is of great
importance because it can be performed at ambient temperatures. Quite a few articles have
already been published on the topic of the radio-frequency (RF), direct current (DC), and
pulsed DC sputtering of a Si target [9–11]. Although it is one of the most widely used
materials in semiconductor thin-film technology and currently also in photonics, relatively
few publications have been published on SiO2 deposition by HiPIMS [12–14].

A high degree of stability of reactive sputtering is required for the deposition of
high-quality coatings [15–17], with properly chosen process parameters (e.g., sputtering
power, reactive gas pressure, etc.). The correct process parameters ensure the deposition
of coatings with the desired stoichiometry. However, an unintentional transition of the
target surface from the so-called metallic to the poisoned state (or vice versa) can occur if a
parameter set is chosen that causes the system to operate near the transition region [18].
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Using an appropriate feedback control can stabilize the reactive sputtering process [19]. In
addition, arc formation can also be a serious problem that degrades the properties of the
deposited layers. During arcing, the current density increases locally, which can lead to
the melting of the target and, consequently, the ejection of clusters and droplets. Strategies
used to suppress arc formation—ultrashort HiPIMS pulses [14] or the use of appropriate
reverse pulses as demonstrated by Oniszczuk and co-workers [20]—have been shown to
improve the optical properties of the deposited SiO2 layers.

Despite some previous studies on this subject, there is limited knowledge about the
HiPIMS deposition process of SiO2, and there are still some aspects of this process that
need to be addressed. For example, the ignition mechanism of the discharge is not clearly
understood. In this work, we approach the HiPIMS deposition of SiO2 from a technological
viewpoint. Our aim is to investigate the electrical characteristics of the HiPIMS process,
during which we pay special attention to monitoring the electrical matching between the
generator and the Si target.

2. Materials and Methods
The experiments were performed in a stainless steel ultra-high vacuum (UHV) cham-

ber at a base pressure of 2 × 10−6 Pa, which was evacuated by a Pfeiffer TMU 521 turbo-
molecular pump. An Edwards NXDS 15i dry scroll pump created the forevacuum. HiPIMS
(high-power impulse magnetron sputtering) experiments were carried out by using a HiP-
STER 1 power supply unit by Ioanautics AB (Linköping, Sweden). Sputtering was carried
out using an AJA International A 320 magnetron source. The magnets of the source were
arranged to provide unbalanced plasma configuration, as well as maximal sputtering rate.
The sputtering target was a 2′′ diameter and 6 mm thick, undoped Si target (99.999% purity)
(Kurt J. Lesker Company, Jefferson Hills, PA, USA). The target-substrate distance was 10 cm.
During the experiments, the pumping speed of the pump was reduced to 40% by using a
throttle valve. The flow of oxygen gas was controlled by an EL-FLOW Prestige mass flow
meter (Bronkhorst High-Tech B.V., Ruurlo, The Netherlands), while Ar working gas was
introduced through a needle valve. SiO2 layers were sputtered with different discharge
current densities. The oxygen flow was set to 2 sccm (which translates to 0.073 Pa of partial
pressure). The total pressure, the pulse frequency, the pulse length, and the deposition time
were 1 Pa, 10 kHz, 10 µs, and 20 min, respectively, for all deposition experiments. Ge single
crystals were used as the substrate material.

The current–voltage characteristics were measured in a power-controlled mode, i.e.,
the power was decreased step by step, while the corresponding average current and voltage
values (these were not limited) were recorded as displayed by the HiPIMS generator. The
characteristics created with the obtained data exactly match those recorded, for example, in
voltage-controlled mode. Consequently, the internal resistance of the generator does not
change during the different operating modes. We installed a 100-fold resistance divider in
order to examine the effect of the feed line (connectors and coaxial cable) on the pulse shape.
This monitoring output is provided by the generator to measure the voltage and the current
of the pulses over time. We have also integrated an SWR (standing wave ratio) meter
(BIRD, Solon, OH, USA) into the power line between the target and the HiPIMS generator
(see Figure 1); its measurement range is limited to 2–30 MHz frequency. The purpose of
the instrument was to verify the propagation properties of the frequency components in
the 2–30 MHz range. The modes, i.e., electromagnetic waves with a specific frequency
that generate the pulses, travel simultaneously in opposite directions in the coaxial cable,
i.e., the waves traveling from the generator towards the target and reflected waves from
the target to the generator. Waves of the same frequency traveling in opposite directions
result in standing waves in the coaxial cable. The ratio of forward traveling and reflected
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waves (the standing wave ratio, SWR) characterizes the impedance matching between the
target-plasma system and the generator.

Figure 1. Schematic drawing of the experimental setup showing the sputtering chamber, the generator,
and the SWR meter.

The standing wave ratio (SWR) is the ratio of the highest and lowest voltages occurring
along the feed line: (Uforward + Ureflected)/(Uforward − Ureflected). If the termination is matched,
there is no reflected voltage, therefore SWR = 1. In the case of a mismatch, SWR is greater
than 1. At extreme termination (open circuit or short circuit) Uforward = Ureflected; therefore,
the value of SRW is infinite. It can be shown that if the base resistance of the target-
plasma system is Zt and the impedance of the generator is Zo, then the standing wave ratio
SWR = Zt/Zo. Knowing the standing wave ratio allows us to determine the ratio of reflected
(inactive) power to total power; this ratio can be calculated as (SWR − 1)2/(SWR + 1)2 in
the 2–30 MHz frequency region.

The optical properties of the deposited films were determined by spectroscopic ellip-
sometry using an M2000 (WOOLLAM, Lincoln, NE, USA) spectroscopic ellipsometer in
the wavelength range of 190–1690 nm at an incidence angle of 70◦. The layer thickness
and refractive index of the specimens were evaluated using the CompleteEase software
(version number 5.15). The atomic composition of the films was measured by energy
dispersive spectroscopy (EDS) using a Scios 2 dual beam scanning electron microscope
with an electron beam of 4.2 keV energy and 3.2 nA current.

3. Results
Deposition of the silicon oxide layers was carried out at fixed current densities that

are presented in Table 1 along with the measured film thickness, refractive index (at
632.8 nm), and O/Si atomic concentration ratio. It can be seen that the layers have a
composition close to the SiO2 stoichiometry (O/Si at% ratio = 2), with a small variation of
up to 10%, depending on the current density used during sputtering. Consistent with this,
the refractive indices are also close to the refractive index of fused silica glass (1.457) [21].

Table 1. Layer thickness (d) and refractive index (n) measured at 632.8 nm and the O/Si atomic
concentration ratio measured by EDS for four silicon oxide films prepared at different current densities
(J). The oxygen flow rate and the pulse parameters were the same for all the samples (see Section 2).

J (A/m2) d (nm) n O/Si at Conc. Ratio

100 137 1.465 1.85
175 282 1.463 1.99
200 333 1.462 2.01
235 392 1.461 2.03
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3.1. Electrical Characterization of the Discharge

Our experiments demonstrated that the discharge can be maintained using a Si target
in the system described above. This indicates that coupling of the DC component and/or
some of the frequency components composing the pulses is sufficient to maintain the dis-
charge. The successful sputtering experiment also means that the target surface is regularly
neutralized during the sputtering process. In some earlier reports this neutralization of the
accumulating charges was assisted by a small positive pulse on the target after the HIPIMS
pulse (see, e.g., [20,22,23]).

As we did not apply such positive pulses, it seems necessary to clarify the ignition
and maintenance mechanism of the discharge required for sputtering. In the case of RF
sputtering, the operating mechanism is understandable; a displacement current is created
in the target (which can be considered as a capacity) and it is also responsible for feeding
electrical energy to the discharge. Charge build-up is prevented by the alternating ion
and electron bombardment of the target surface. However, for HiPIMS, further systematic
studies are needed to fully understand the sputtering mechanism. For this purpose, we
compared the current waveforms generated by our HiPIMS generator connected to the
Si target or a 50 Ω termination (Figure 2). Figure 2b shows that a 50 Ω termination does
not distort the waveform; the current rises quickly and remains stable throughout the
pulse duration. In contrast, the pulse shape on Si (Figure 2a) is significantly different, as a
decaying sinusoidal transient with a frequency of approximately 5 MHz can be observed
at the leading edge of the pulse. This value appears to be realistic when we take the
capacitance (80 pF) of the target (based on geometry and material) and the inductance
(14 µH) of the 5 m long coaxial cable into consideration as resonant circuit elements. This
suggests that the 5 MHz modes are determined by the dimension of the feed line responsible
for the pulse coupling, and these modes should also participate in the sputtering process.
In order to confirm that this transient does not represent the reflection of power, the SWR
meter was integrated into the measurement setup. The SWR meter (measuring in the
2–30 MHz range) usually (see exception below) measured only 0.5% reflected power, so
this frequency range can be considered to be matched.

  

Figure 2. Comparison of current waveforms generated on a Si target (a) and on a 50 Ω termination (b),
showing significantly different current rise for a 7 µs long pulse.

Based on Figure 2a, the pulse voltage can be written in terms of the complex Ohm’s
law, so that the current is taken as the sum of two components. One component is a negative
pulse assisted by the generator, which reaches its nominal value with a rise time τ. The
other is an exponentially decaying, 5 MHz sinusoidal transient. The characteristic time of τ

is estimated to be 1–2 µs based on the oscilloscope measurement. Thus, the voltage is

U(t) = IgenR
(

1 − e− t/τ
)
− Igen

i
ωC

e− t/τ (1)
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where R = dU/dI is the differential resistance, X = 1/ωC is the impedance of the target, and
Igen is the peak current of the pulse.

The time average of the pulse voltage (U) is the product of the time average of the
current (I) and the complex impedance Zt:

U = Zt I = (R − iX)I (2)

The values of U and I are displayed by the generator and can also be changed by
the user.

The actual pulse is a superposition of the two components. The ratio of the 5 MHz RF
and DC components in it depends on the chosen pulse length and amplitude. In the case of
a short (3.5 µs) pulse and small amplitude, the RF is dominant, while for longer (>15 µs)
and larger pulses, the power coupled by the RF is practically negligible (see Figure 3).

 

Figure 3. Comparison of current waveforms generated on a Si target using a 3.5 µs (a) and a 15 µs
(b) long pulse, showing the superposition of the two pulse components.

It is known from the literature [24] that RF discharges have two characteristic ranges
of behavior that are very different from an electrical point of view. The boundary layers
are capacitive, while the quasi-neutral field can be modeled as a sum of a resistive and
an inductive term. It is obvious from the available evidence that the discharge can be
characterized by a complex impedance. The components of this impedance are functions of
the operating parameters (e.g., gas pressure, voltage, etc.). The agreement of the conclusions
drawn from the pulse shape measured on the Si target (Figures 2a and 3) and the physics of
RF plasma excitation indicates a definite analogy between HiPIMS and RF plasma excitation
at the initial stage of the pulses. It is evident that this analogous behavior is attributable to
the specific configuration of the feed line and the target.

The current–voltage characteristics (see Figure 4) were measured by recording the cur-
rent and voltage values while gradually reducing the applied sputtering power. Figure 4a
shows the characteristics measured using only Ar, without any reactive gas, at varying
pulse lengths. The Westwood function is a good fit for describing the characteristics [25]:

I = β(U − Uw)
2 (3)

where β is a constant and Uw is the initial discharge voltage. The measurements using a
mixture of Ar and O2 gases show a completely different picture; a plateau appears in the
characteristic, which is strongly dependent on the pulse length, i.e., longer plateaus were
found for shorter pulse lengths (Figure 4b). However, if the pulse length is fixed and the
oxygen flow rate is increased, the plateau occurs at higher currents, while only a small
increase in the length of the plateau can be seen (Figure 4c). Even in case of a plateau,
the low voltage region of the curve can be described by Equation (3). β parameters of
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0.0042 mA/V2, 0.0033 mA/V2, and 0.0022 mA/V2 could be determined for pulse lengths
of 15 µs, 7 µs, and 3.5 µs, respectively, while for the Uw, 185 V, 211 V, and 234 V were
found, respectively, (for 1.5 sccm of O2). It should be noted that the change in β values is
only roughly proportional to the associated pulse duration data and in the plateau region
the current practically does not change, its derivative is close to zero. Consequently, the
electrical resistance of the plasma is close to infinite in this region. However, according to
our measurements with the SWR meter, in the region of the plateau the reflected RF power
increases only by a little, but not more than 1.5%. This means that in this region, the DC
component of the input pulses is practically reflected (close to infinite real resistance), at
the same time the RF components are coupled with good efficiency and are responsible for
the maintenance of the discharge.

 

Figure 4. Current–voltage characteristics measured at different pulse lengths while sputtering a Si
target without any oxygen (a), with 1.5 sccm oxygen flow rate (b), and for different oxygen flow rates
using a fixed pulse length of 15 µs (c).

From the comparison of Figures 4a and 4b, it is evident that the appearance of the
plateau is associated with the presence of oxygen. At high sputtering power (high voltage–
high current section of the curve), it is assumed that ion bombardment effectively removes
the oxide layer, so that the target is in the so-called metallic mode. As the sputtering power
is decreased, the sputtering removes less material and the target becomes increasingly
poisoned by the reactive gas. The change in the target surface is also accompanied by the
change in the secondary electron emission yield. Since the secondary electron emission
coefficient of SiO2 is 3 times higher than that of Si [26], a lower voltage is sufficient to
maintain the same discharge current. Thus, the plateau of the current–voltage characteristic
represents the transition of the target from the metal mode to the poisoned mode. A
striking phenomenon of the characteristics shown in Figure 4b is that the magnitude of
the step-like change is dependent on the pulse length. Since such clear, step-like transition
was not observed in the case of sputtering without a magnetron, it seems that the above
considerations need to be supplemented.
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The plot of the current as a function of the sputtering power also shows a plateau
region (see Figure 5). The insets of Figure 5 show the current pulse shapes at different
sputtering powers. By comparing the image of the pulses at different points of the current-
power characteristic, we can make the few observations. In the low power region, the RF
component makes up a significant part of the pulse, and the DC component is relatively
small. At the observed excitation frequency of 5 MHz, the electrons can follow the electric
field variation, while the ions—due to their significantly larger mass—can only respond to
these variations to a small degree. In the often-used terminology, a DC bias is formed, while
the electrons attracted by the positive peaks of the RF transient neutralize the positive charge
of the bombarding ions, as mentioned earlier. The result is a typical RF sputtering (with a
small DC component), which can be considered as reactive sputtering due to the presence
of O2. As the sputtering power is increased, the amplitude of the RF component increases.
However, the DC component does not follow the change; rather, it decreases slightly. This
observation is in agreement with the conclusions drawn from the measurements made
with the SWR meter. Upon further increase in the power, the DC component increases
significantly, while the RF component changes only a small amount. Thus, in this high
power region, the sputtering effect of the DC part becomes dominant.

 

Figure 5. Current–power characteristic measured using constant oxygen flow of 1.5 sccm, pulse
frequency of 10 kHz, and pulse length of 7 µs. The insets show the corresponding current pulse
shapes of the different regions.

At this stage in our argumentation, we take into further consideration the fact that the
target is mounted on an unbalanced magnetron, which is surrounded by a grounded cup.
As the power increases, the DC component of the pulse slowly increases. However, if the
effective value of the positive periods of the RF component exceeds the DC component,
the majority of electrons will travel along the magnetic field lines between the target,
i.e., the anode, and the grounded shield. Simultaneously, the ions with low mobility are
directed towards the target during the negative periods. A more detailed description of the
mechanism is possible with the plasma physics approach [27,28]. In the present case, the
physical model is simplified so that electrons are able to escape from the confinement region
created by the magnetic field. This occurs when the momentary value of the electrostatic
force and the Lorentz force are equal. The electrons that reach the target are responsible
for shunting the ion current. This phenomenon ensures that the change in ion current can
compensate for the change in the electron current. The current under consideration in this
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study is analogous to the current described by the Child–Langmuir law [29]. Thus, we
assume that this shunt current is not limited by the supply of electrons coming from the
target, but by the space charge that builds up between the target and the grounded shield
of the target. A similar idea and its detailed mathematical description can be found in the
work of Mu et al. [30]. The anode voltage in the Child–Langmuir formula used here is
given by the effective value of the RF component, i.e., proportional to the amplitude of the
pulse. The associated current can be written as

ICL ∼ αU3/2 (4)

During the calculation, α = 4.6 × 10−2 mA
V3/2 was used for pulse length of 7 µs. It is

important to note that this α value was chosen so that the calculated characteristic matches
the measured values, so it can be considered a fitting parameter. The exact electrode
configuration it corresponds to, however, is beyond the objectives of this work. It should
also be noted that the shunting effect only occurs during the periodic transient of duration
τ, as defined in Equation (1).

Based on the above, the physical picture can be modified so that the sheath in front
of the target, which remains constant over time, is built up while the U-I characteristic is
in the plateau phase. In the pre-plateau phase, the position of the sheath varies with the
frequency characteristic of the RF-coupled plasma. If the negative DC component of the
pulses reaches a critical value, the positive period of the RF is overcome and the increase in
the ion current towards the target begins. From here on, the compound layer is removed,
which is confirmed by the fact that the hysteresis is not visible (see Section 3.3). If we do
not increase the power any further, we can avoid the unpleasant surface damage caused
by sparking, as reported in Ref. [20]. In the following section, a simple mathematical
description is presented that follows the changes in the U-I characteristic well.

3.2. Model of the Discharge Characteristic

In the calculation, the different pulse lengths are taken into account through the
fitted β values, while for the effective voltage and current, the values displayed by the
instrument are used. The oxygen flow rate is taken into consideration only through the
secondary electron emission (SEE) factor, as was presented in Ref. [31]. This work proposes
the consideration of two aspects: (i) secondary electron emission from the target with
a coefficient γ and (ii) ionization of neutral gas atoms by secondary electrons with an
efficiency of δ. If the secondary electron emission is considered as a function of the target
oxidation, the number of generated ions can be written as follows [31]:

γδ =
UDC
U0

[γm(1 − θt) + γcθt] (5)

where θt is the fraction of the target surface covered by the oxide, γm and γc are the
secondary electron emission coefficients for the pure and the oxide covered target surface,
and U0 is a reference voltage to keep the expression dimensionless. The validity of this
heuristic derivation is supported by experimental evidence, including the observation that
increasing the flow rate of the reactive gas results in a larger target voltage change. To
adapt the results of the above considerations to a pulsed process, it is necessary to take
the probability of ionization of neutral gas atoms by secondary electrons into account.
Consequently, when utilizing pulses, it is plausible to take the duty cycle k of the pulse
train into consideration:

γδ = U·k γm

U0
(1 + σθt) (6)
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where σ indicates γc−γm
γm

and U is the pulse voltage. The current dependence of the target
voltage is neglected in the following discussion.

The discharge current (Id) has two components (the ion and electron current) and its
measured value can be written as follows:

Id = Ii − Ie = Ii − γδIi − ICL (7)

where Ii is the ion current and Ie is the electron current. The ion current is described by
Equation (3) and the electron shunt current ICL is defined by Equation (4). In addition, it is
necessary to incorporate the γδ factor, to take the change in secondary electron emission
of the target (resulting from the presence of oxygen and varying sputtering power) into
account. The plateau in the U-I graph can be determined by the following equation:

∂

∂U

(
βU2 − U3k

γm

U0
(1 + σθt)− αU3/2

)
= 0 (8)

At this point, for simplicity, the coordinate system is shifted in the positive direction
by the value Uw. Equation (8) is a cubic equation in canonical form, the roots of which can
be calculated using Cardano’s formula. In order to make the solutions more clear, we make
a formal simplification; we simply replace Ii with an Ohm’s law, using the real part of the
plasma impedance R as defined in Equation (2). It should be mentioned that in reality, R
is not constant, but depends on the voltage. With this modification, Equation (7) can be
written as

Id = Ii − Ie = Ii − γδ
U
R

− ICL (9)

Equation (9) after the derivation:

U − 3α

4β

√
U − γm

2βR
k(1 + σθt) = 0 (10)

Equation (10) has two solutions, U1 and U2. The solution of U1 indicates the beginning
of the plateau (actual, not shifted). By using the approximation of

√
1 + x ≈ 1 + x

2 ,

U1 = Uw +

(
2β

3α

)2(
k

γm

2βR
(1 + σθt)

)2
(11)

The plateau starting from U1 is parallel to the voltage axis. Its length (Up) is the
difference between the two solutions (U2 − U1):

Up =

(
3α

4β

)2
+ k

γm

βR
(1 + σθt) (12)

The adequacy of the model can be verified by comparing the results with the char-
acteristics presented in Figure 4. The characteristics under consideration are as follows;
(i) the plateaus are shorter for larger β values (e.g., for longer pulses) and (ii) higher θt

values, indicative of larger oxygen input, have longer plateaus and higher U1 values. It is
noteworthy that by omitting the ICL term, the equation becomes first-degree, indicating
that there is only one inflection point in the characteristic instead of a plateau.

The appearance of similar U-I characteristics was also reported for a rotating cylindri-
cal magnetron [18]. The authors of that study, examining the U-I characteristics of Al and
Ti targets, observed a similar stair-like behavior in a relatively poor vacuum environment.
The interesting thing is that in the case of Ti, the change occurred in the direction of lower
voltage. The secondary emission of Ti oxide is smaller than that of the metallic state; thus,
according to the notation we use, it would appear in our equations with a negative σ value.
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3.3. Investigation of the Hysteresis

Figure 6a illustrates the measured current–voltage characteristic for decreasing and
increasing sputtering powers (voltages). It can be seen that at high voltages, the two curves
overlap each other, while in the plateau region, they are separated. This indicates that the
system has hysteresis behavior. To gain further evidence, measurements of the discharge
voltage were performed while the oxygen flow rate was varied (see Figure 6b). Different
pumping speeds were used (by throttling the intake of the vacuum pump), and the curves
show evident hysteresis behavior in all the cases. It is also seen that at higher pumping
speed, the hysteresis is quite small; however, at lower pumping speed, the hysteresis region
widens significantly. It has been reported that in certain cases, the use of HiPIMS can
lead to practically hysteresis-free operation [32]. In other cases, the hysteresis does not
disappear completely, but it is reduced compared to DC sputtering [33–35]. In the case of
SiO2 deposition by reactive HiPIMS, the absence of hysteresis was reported [12]. However,
it should be noted that the process conditions (pulse parameters and Ar pressure) used in
that work were significantly different from the parameters used in this study. It therefore
appears that the appearance of hysteresis in the reactive HiPIMS of a Si target is highly
dependent on the process conditions, such as the pumping speed, as shown in Figure 6b.

Figure 6. Hysteresis behavior of the current–voltage characteristics (a) and the discharge voltage
as a function of oxygen flow rate using different pumping speeds (b). For the current–voltage
characteristics, an oxygen flow rate of 1.5 sccm, a frequency of 10 kHz, and a pulse length of 7 µs
were used, while for the curves in (b), the sputtering power, the pulse frequency, and the pulse length
were fixed at 70 W, 10 kHz, and 4 µs, respectively.

The hysteresis behavior of reactive sputtering has been described on multiple occasions
in the past [36,37]. In a previous paper, we have presented an approximate analytical
solution of the Berg model and have used it to construct a stability state diagram for the
reactive sputtering of Al2O3 [38]. For the present case of SiO2, it would also be interesting
to determine the stable sputtering regions. Although the classical Berg model for HiPIMS is
a relatively rough approximation of the reactive sputtering process, we applied a relatively
low sputtering power for our measurements in order to limit the effect of ion implantation.

Figure 7 shows the boundaries of the hysteresis region determined by numerical (solid
curves) and analytical (dashed lines) calculations based on the model presented in Ref. [38].
The experimentally measured boundaries of the hysteresis curves (see Figure 6b) are also
shown in Figure 7. The calculated curves clearly indicate that the hysteresis region narrows
with the increase in the pumping speed and this agrees well with the experimentally
observed behavior. The small discrepancy between the calculated and the measured data
may originate from the limitations of the relatively simple model; however, it can still be
used as a first approximation and to identify the general behavior.
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Figure 7. Dimensionless critical pressures as a function of the dimensionless pumping speed by
numerical calculation (solid curves) and from analytical calculation (dashed lines). The experimentally
determined boundary of hysteresis (based on Figure 6b) is also shown by black and red points.

4. Conclusions
In this work, we investigated the reactive HiPIMS process during the deposition of

stoichiometric SiO2 films. The pulse shapes and discharge characteristics were studied
for different sputtering parameters. An exponentially decaying periodical transient of the
short pulse series has been shown to be responsible for the successful sputtering of the Si
target. This finding indicates that the ignition mechanism of low-power HiPIMS using a Si
target is analogous to that of medium frequency or RF sputtering. By integrating an SWR
meter into the experimental setup for the first time, we showed that the components with
frequencies between 2 and 30 MHz are matched and do not reflect. Thus, we can conclude
that the components with frequencies lower than 2 MHz are responsible for the presence
of the low-conductivity region observed in the U-I characteristic. This distinct step-like
behavior is related to the transition of the target from the metal mode to the poisoned
mode. The duration of the applied pulse significantly influences the length of the plateau.
Hysteresis was observed by either varying the sputtering power or the oxygen flow rate.
These observations help to form an understanding of the reactive HiPIMS process of SiO2

and can be useful in determining the appropriate sputtering parameters. It is also plausible
that the above findings can be applied to other low-conductivity targets as well.
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Appendix A

Table A1. The parameters used in Section 3.3.

Ym 0.6

Yc 0.02

αt = αs 0.007

X 50

ry 0.033

At 20 cm2

As 1160 cm2

Ar 58
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